This review includes our researches and other methodologies related to flow-based techniques, such as flow injection analysis (FIA) and sequential injection analysis (SIA). The methods will demonstrate semi-and full automated FIA and SIA, including liquid-liquid and liquid-solid extraction. FIA using alternative chemical reactions in the aqueous solution was applied to the trace analysis of metals in biological and environmental samples. For durable liquid-liquid extraction, several phase separators were designed. Moreover, multi-channel FIA with newly designed flow cells and SIA with labon-valve devices have been used for the simultaneous and successive determination of metals and organic compounds. On-line solid phase extraction (SPE) has also been proposed for highly sensitive analysis of organic and inorganic compounds.
Introduction
Nowadays, the demands for trace, rapid and accurate analysis are growing in the many fields, such as environmental chemistry, pharmaceutical chemistry and clinical analysis. Flow injection analysis (FIA) has been developed into a very useful and versatile technique since Ruzicka and Hansen reported "Flow injection analysis Part 1. A new concept of fast continuous flow analysis" in 1975. 1 Especially, Ruzicka et al. have proposed many practical techniques. [2] [3] [4] And, there are many monographs of flow-based techniques. [5] [6] [7] [8] FIA methods are now applied routinely in laboratories because FIA is often more rapid, more sensitive and more precise than manual procedures and utilizes small sample volume, allowing low reagent consumption and high sampling frequency. FIA is fundamentally based on the injection of a water-soluble sample into an aqueous nonsegmented continuous carrier stream. The injected volume of sample of around 20 -300 mL is transported to the detector. During transporting, the chemical reaction occurs in the reaction coil and the corresponding signal of absorbance, fluorescence, electrode potential or other chemical or some physical parameter is recorded when the resulting solution passes through the flow cell with a small volume about 8 mL. Figure 1 (a) shows a typical two channel FIA diagram.
The second generation of FIA, named sequential injection analysis (SIA), was proposed by Ruzicka and his coworkers. [9] [10] [11] And, Economou reviewed SIA for on-line sample handling and pretreatment. 12 Figure 1(b) shows a mini-conduit module with a flow cell and a fiber optics mounted atop a multi-port valve, called SI-Lab-on-Valve. In the SIA system, microliter volumes of sample and reagents are aspirated into the holding coil at programmed time intervals by a bi-directional syringe pump. The central inlet of the six-port valve is connected to a holding coil, sample and reagent reservoirs. When all zones move towards the detector, a detectable product is formed by zone dispersion and the product is monitored by the detector, such as a spectrophotometer, a fluorescence spectrophotometer or a potential electrode. While FIA shows some advantages for practical analyses, because of the continuous flow of the reagents without measurements, FIA still consumes relatively high amounts of reagents, resulting in higher amount of laboratory waste compared with SIA. In SIA, the system is a single channel and an additional flow channel is not necessary. Moreover, the operation enables fully automated operating procedure. 
Flow Injection Analysis Coupled with LiquidLiquid Extraction
Liquid-liquid extraction is important to enhance selectivity and sensitivity in many practical analyses. However, manual extraction procedures are tedious and time-consuming. And also, much organic solvent is consumed for one analysis. To shorten the duration of the process, in 1978, Karlberg and Thelander reported the performance and construction of a liquid-liquid extraction system for the determination of caffeine in acetylsalicylic acid. 13 The basic assemblies consist of (1) a segmenter to mix the insoluble organic solvent and aqueous phase and to provide a regular segment, (2) an extraction coil to transfer an analyte and (3) a phase separator to separate completely the organic and the aqueous phases for monitoring the analyte. The system proposed by Karlberg and Thelander is composed of a pump, a rotary valve, an ice bath and a spectrophotometer (Fig. 2) ; the sample (12 or 25 mL) is introduced via the rotary valve into the aqueous stream. The aqueous stream is led into the glass capillary (A8 in Fig. 2 ), while the organic phase enters into the platinum capillary to make a regular pattern of two phases (segment). The separation of the two phases is achieved by a separating device, consisting of an A4-T connector with Teflon fibers to direct the heavier organic phase towards the flow cell. The aqueous phase and part of the organic phase are forced upwards and no aqueous phase is sucked into the flow cell. The caffeine in acetylsalicylic acid preparations was extracted into chloroform and its absorbance was measured at 275 nm. One handred samples h -1 can be analyzed with a relative precision of 1%. However, for separating, special care must be taken to avoid contaminating the flow cell with aqueous phase. In the same year, Filho et al. reported an extraction system using a different phase separator using gravity. 14 However, in practical analyses, the phase separator with a membrane is accurate and efficient for complete separation of two phases.
Afterwards, numerous phase separators with PTFE membrane as shown in Figs. 3(a) -(c), [15] [16] [17] that were inert for extracting solvents, have been proposed. These fit the needs of a phase separator in the FIA system, which include not only a complete separation for several kinds of organic solvents but also the small dispersion of the injected and extracted samples. Of the phase separators, the phase separator 17 with a small groove (length, 10 mm; depth, 2 mm; width, 2 mm) designed by Motomizu et al. was sufficient for smooth separation and high recovery of organic phase. Highly sensitive spectrophotometry 18, 19 with colored ion association reagents and atomic spectroscopy 20 with 1,10-phenanthrolinecopper(II) were often utilized for the determination of anionic surfactants. However, there are some problems during longterm continuous runs with permeation of a small amount of moisture. Sakai et al. have designed a new double-membrane phase separator, as shown in Fig. 4 . [21] [22] [23] Organic phase that had penetrated a first membrane (MF1) and a second membrane (MF2) is introduced to the detector and the remaining organic phase and all aqueous phase that did not penetrate are conducted to the waste tube (W1). Even if permeation of aqueous phase with organic phase at MF1 occurs, only organic phase is completely separated by the second membrane (MF2). This separator could be used for about 1 week without exchange of the membrane in the berberine-perchlorate ion pair extraction system. 22 Chromatomembrane cells have been proposed for sample preconcentration by a liquid-liquid extraction procedure by Moskvin et al. [24] [25] [26] Figures 5 and 6 show a schematic flow diagram of an automated preconcentration and extraction system by means of a 16-port valve for anionic surfactant determination. The novel extraction device consists of a rectangular block of biporous PTFE. Polar liquid fills the macropores (200 mm), whereas the micropores (0.3 mm) remain available only for nonpolar liquid. R1 is a methylene blue (MB) solution and R2 is a buffer solution at pH 4.7 and S is a sample solution. After merging, the ion pair (MB-AS) is formed and the ion pair passes the chromatomembrane cell (position 1 in Fig. 6 ). After that, the organic phase starts to flow. The ion pair is extracted into chloroform and the absorbance of MB-AS is measured at 650 nm (position 2 in Fig. 6 ).
In general, solvent extraction-FIA with a PTFE porous membrane is a useful technique for the practical and durable analysis in environmental, pharmaceutical and clinical chemistry, however, the separation procedure requires skill. On the other hand, non-separation techniques with liquid-liquid extraction were proposed. A solution of dibenzo-18-crown-6 (DB18C6) dissolved in 1,2-dichloroethane was delivered by a single-plunger pump and a sample solution containing potassium ion with anilinonaphthalene sulfonate (ANS) was injected into the carrier stream. The potassium complex with DB18C6 forms an ion associate with ANS having fluorescence. The fluorescence intensity was measured continuously in the flow cell at 468 nm with excitation at 377 nm. ASN is nonfluorescent in water but becomes strongly fluorescent in an organic solvent. 27 The new approach has been proposed to avoid the use of a segmenter, an extraction coil and a phase separator (Fig. 7) for the Hg(II)/dithizone/CCl4 extraction system. 28 A small volume of an organic solvent is placed in a conventional cuvette; this is placed in the measuring position in a spectrophotometer. In the system, a large volume of aqueous sample can be passed through a small organic phase to achieve a high preconcentration. In addition, anionic surfactants in water samples were spectrophotmetrically determined by using FIA coupled with liquid-liquid extraction-on-tube detection without any phase separator. 22 In the system, a glass capillary flow cell (i.d. 0.8 mm) was adopted for the detection of AS-RhodB (rhodamine B) ion associate. 29 Liquid-liquid extraction-FIA without phase separation based on dual-wavelength spectrometry was also proposed for AS-MB ion pair detection. 
Red-violet (lmax: 550 -585 nm)
The optimum pH range is 5 -11 for R4N + and is 6.5 -9 for R3N. Coexisting quaternary ammonium salts and amines in the preparations experience strong mutual interference during the absorbance measurements.
However, the charge transfer complex formed between amine and TBPE shows reversible thermochromism with temperature changes. That is to say, the absorbance of amine associates decreases with increase in the temperature. We assume that thermochromism occurs as follows:
As shown in Fig. 9 , the absorbance at 580 nm for the amine-TBPE associate decreases with increase in temperature from 20 to 55˚C and an isosbestic point appears at 480 nm. This thermochromism is reversible and the phenomenon has been applied to the selective and sensitive determination of quaternary ammonium salts by using FIA. For removal of interfering amines on quaternary ammonium ion determination, the thermocontrolled micro-flow cell (8 mL) was newly designed and temperature in the cell was controlled at 25 or 45˚C. When various amines were added to the quaternary ammonium ion (choline) standard solution (A in Fig. 10 ), higher peak heights (B and C) were observed at 25˚C. However, the same peak heights (A¢, B¢, C¢) were obtained when the measuring temperature was kept at 45˚C because the absorbance of the amine-TBPE associate disappeared due to thermochromism. 33 As a result, the interferences observed at 25˚C could be satisfactorily eliminated at 45˚C.
Flow-based Techniques with Less Reagent Consumption
FIA has some advantages of rapidity, simplicity, reproducibility and repeatability, however, all reagents are consumed continuously even without measurements. Therefore, on-line reagent regeneration and circulatory FI systems have been proposed for minimum consumption of the reagents and sample. [34] [35] [36] [37] Zenki et al. 36 have proposed the regeneration and reuse of reagents in a circulatory FI system for the determination of calcium ions with chlorophosphonazo III (CPN) and ion exchanger. The flow diagram of a closed-loop flow system is shown in Fig. 11 . The reagent solution containing CPN plus acetate buffer (pH 5.0) is delivered. The solution is constantly stirred using a magnetic stirrer. When a sample (20 mL) including calcium ion is injected, the colored CPN-Ca 2+ complex is immediately formed in a 60-cm long reaction coil and the absorbance is monitored spectrophotometrically at 670 nm. After the resulting solution passes through a cationexchange mini-column, the Ca 2+ ions in the complex are removed and a solution with only CPN is obtained. The regenerated CPN carried back to the reservoir is again circulated as a chromogenic reagent. In this system, the sample throughput is 60 h -1 and 100 injections are possible. In the previous FIA with liquid-liquid extraction, 31,32 the consumed volumes of organic phase and aqueous phase were each 48 mL for 1 h operation. Even if the system was closed, the exhaust of volatile and toxic organic solvent is not desirable for the healthy laboratory environment. Therefore, a novel methodology to regenerate and reuse both an ion association reagent and an extracting solvent was proposed for the determination of quaternary ammonium salts and a stimulant drug. 38, 39 For example, methamphetamine (MPA), being a stimulant drug, reacts with TBPEH to form a red-violet charge transfer complex in 1,2-dichloroethane (DCE) at pH 9.0. The product is formed as follows: 
When TBPEHo is merged with the carrier adjusted at pH 9.0, blue TBPE -anion transfers into the aqueous phase. TBPE -in the aqueous phase reacts with a protonated HMPA + to form the ion associate bonded by a hydrogen bridge. The formed TBPEHMPA is quickly extracted into DCE. The absorbance of the associate is measured at 570 nm. After measuring, when TBPEHMPAo is mixed with aqueous solution below pH 3, TBPEHo in DCE can be regenerated. Based on the reaction, an on-line reagent regeneration-FIA (RRFIA) system was assembled as shown in Fig. 12 . The sample injected into the carrier (BS) and TBPEH are merged at Seg (segmenter) and the formed TBPEHMPA is extracted in the extraction coil. Only organic phase passes through a phase separator with membrane, and the absorbance is measured spectrophotometrically. Both waste solutions from two outlets are collected in the reservoir containing sulfuric acid and the contents are stirred slowly. Consequently, TBPEH/DCE solution is continuously regenerated and the resulting TBPEH/DCE is reused cyclically. The proposed on-line RRFIA was feasible for 6 h continuous runs.
SIA introduced in 2000 by Ruzicka and Marshall is miniaturized and serves as a tool for micro-total analysis systems. Of the numerous SIA methodologies, sequential injection wetting film extraction [40] [41] [42] has key advantages of less reagent consumption, no segmenter and no phase separator, and easier extraction compared with conventional liquid-liquid extraction FIA. Figure 13 shows the sequential injection manifold for preconcentration and spectrophotometric determination of Cr(VI) and Cr(III). A six-port rotary selection valve V1 was used to select the solutions. The sample and reagent were loaded into the coil by pump 2. V3 was used to inject the eluting solution. The eluting solution was loaded into the coil manually with a syringe. The extraction coil was connected to V1. A displacement bottle was placed between the detector and the pump 1 to protect the pump tube from organic solvent. The sample solution and reagent were merged and passed directly into a reaction coil on V2. The extraction coil was washed with water and coated with extracting solvent. A fresh film of organic solvent was formed on the extraction coil by switching to Coat and aspirating with P1. An air zone was aspirated from V1. The sample was aspirated from the reaction coil via V2 into the extraction coil. The ion pair of 1,2-diphenylcarbazide (DPC)-Cr(VI)/perchlorate was preconcentrated in the wetting film on the extraction coil. After passing air, the film was eluted to the detector by acetonitrile from V3. The absorbance was measured at 546 nm. The detection limit was 2.0 mg L -1 . An organic wetting film consisting of octanol and MIBK was used for extraction. 42 On the other hand, Grudpan et al. have reported a sequential injection-lab-at-valve (SI-LAV) micro extraction system for the determination of anionic surfactant with MB. Sample, reagents and organic solvent were sequentially aspirated into the extraction coil and extraction took place by flow reversal by a syringe pump. The two phases were separated in a separating chamber situated in a fiber-optic spectrometer. The proposed SI-LAV system offers an alternative and automated microextraction process. 43 
Multielement Detection System Using FIA and SIA
Atomic absorption spectrometry and inductively coupled plasma atomic emission spectrometry have been applied for the multielement determination of ultratrace elements in various samples. However, these methods require expensive special attachments and the efficiency of sample uptake is low. FI spectrophotometry is an available alternative approach for the accurate and rapid determination of two or more elements. For example, serum iron and cobalt were determined simultaneously by an FI system equipped with a multichannel photodiode array detector using 1-(2-pydridylazo)-2-hydroxy-7-sulfonaphthalene. 44 Zincon was also applied for the simultaneous FI determination of a ternary mixture of cobalt, copper and zinc by use of a partial least squares calibration method. 45 Figure 14 shows the configurations of double, twin and quadruple flow cells for heavy metal determinations.
2-(5-Nitro-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)-amino]phenol (nitro-PAPS) forms a red Cu(II)-nitro-PAPS complex at pH 3.8 in the presence of pyrophosphate as a masking reagent for iron. Cu(I) and Fe(II) complexes are formed in the presence of ascorbic acid at the same pH. Then, Cu(I), Fe(II) and Zn(II) react with the reagent at pH 8.6. The specific reaction was introduced into the flow system (Fig. 15) to determine each metal selectively and sensitively. 0.01 M HCl containing 0.5 mM pyrophosphate and 0.4% trichloroacetic acid is delivered. RS1 is 20 mM nitro-PAPS and RS2 is 80 mM nitro-PAPS. AA is 5 mM ascorbic acid. RS3 is 20 mM nitro-PAPS buffered at pH 11. An aliquot (100 mL) of sample solution is injected into the carrier stream and the Cu(II) complex is detected at the first cell compartment (FC1). The sample zone merges with RS2 and a reductant to allow an absorbance for Cu(I) plus Fe(II) to be detected at FC2. After merging with RS3 buffered at pH 11, the total amount of three metals is detected at FC3. Good linear calibration curves were obtained as follows;
ACu,FC2 = 0.112 (Cu, mg L -1 )
AFe,FC2 = 0.132 (Fe, mg L -1 ) (10)
where AFC1, AFC2 and AFC3 are absorbances at FC1, FC2 and FC3. The LOD (3s) values were 3.9 mg L -1 for copper, 4.1 mg L -1 for iron and 4.0 mg L -1 for zinc. Consequently, it is possible to determine simultaneously copper, iron and zinc in human sera by one-shot injection.
SI systems in Lab-on-Valve with spectrophotometric detection were applied for successive analysis of metals 53 and/or organic compounds. 54 For the simultaneous determination of copper and iron, 2- (5-bromo-2-pyridylazo)-5-[N-n-propyl-N-(3-sulfopropyl) amino]aniline (5-Br-PSAA) was used as a chromogenic reagent. 5-Br-PSAA reacts with Cu(II) to form a red complex (580 nm) at pH 4.6, but does not react with Cu(I) and Fe(III). In the presence of a reducing reagent, only Fe(II) forms the red complex (558 nm). The zone of reagent (10 mL), sample (25 mL) and buffer solution (5 mL) are aspirated for copper detection, and then, the zone of buffer (10 mL), a reductant (5 mL), sample (45 mL), a reductant (5 mL), reagent (20 mL) and buffer (20 mL) are aspirated in the holding coil. The zones of Cu(II) and Fe(II) complexes result in well separated detection peaks.
A new SI method has been developed for successive determination of protein and glucose. 54 The color developments for protein and glucose detections are as follows: On the other hand, the detection reactions for glucose determination by the enzymatic method are as follows: 
On-line Preconcentration and Pretreatment

FIA Method
In 1983, Olsen proposed a preconcentration method using a microcolumn of Chelex-100 resin and a flame atomic absorption spectrometry (FAAS), 55 allowing the determination of Pb(II), Cd(II) and Zn(II) at ppb levels. The preconcentration and matrix removal with solid-phase extraction (SPE) are useful for the analysis of trace amounts of organic compounds and metals. The materials for SPE are classified as follows: (1) anion and cation exchange resin, (2) chelating resin, (3) hydrophobic materials.
The on-line SPE could be hyphenated with spectrophotometry, 56,57 FAAS, 58, 59 electrothermal atomic absorption spectrometry (ETAAS), 60, 61 inductively coupled plasma-atomic emission spectrometry (ICP-AES) [62] [63] [64] and ICPmass spectrometry (ICP-MS) 65 for the sensitive and selective determination of metals. A highly sensitive spectrophotometric semi-automated methodology using FIA coupled with an on-line gas diffusion separation/ion exchange concentration was proposed for ammonium ion determination in seawater.
66 Figure  17 shows the schematic diagram. The system consists of a gas diffusion unit, a valve with ion exchange column, an eluent injection valve and the color development and detection units. At first, ammonium ions in the seawater sample were merged with 1 mM NaOH to be penetrated through the tubular porous PTFE (a gas diffusion unit) as gaseous ammonia. The solution was delivered to the minicolumn with cation exchange resin on V3 and concentrated. The collected ammonium ions were eluted by 0.5 M HCl. The eluted solution reacted with the reagent solution I (sodium salicylate and nitroprusside) and solution II (sodium hypochlorite) at 70˚C and the resulting product was monitored at 660 nm. The detection limit (3s) for N-NH4 + was 0.5 ppb at 10 min concentration. The proposed method could be applied to the analysis of ammonium ion in seawater samples.
After Zhi et al. have reported a SPE and liquid-liquid extraction system for trace phenols, 67 an automatic FIA method was proposed for phenols at sub-ppb level using on-line SPE (OASIS HLB cartridge) and color development with 4-aminoantipyrine. 68 The calibration graph for phenol was linear over the range of 0.25 -10 ng mL -1 .
Highly Sensitive FIA Using Novel Catalytic Reaction
Catalytic reactions have been utilized as indicator reactions for kinetic-catalytic methods of trace analysis. 69 Since the measurement includes time as an experimental variable, care is needed to ensure that mixing of reagents takes place at regular time intervals to obtain highly accurate results. Such precise control of the reaction conditions can be easily accomplished by employing FIA techniques.
Cu(II) catalyzes the redox reaction of Fe(III) with cysteine, and Fe(II) produced by the catalytic reaction reacts with 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) to form the Fe(II)-TPTZ complex (lmax = 593 nm). We reported a FI spectrophotometric method for copper determination based on this catalytic reaction. 70 A Cu(II) concentration as low as 0.05 -1 mg L -1 can Although the determination of a single metal catalyst based on catalytic reactions has become popular, several workers have also reported catalytic methods for binary or ternary metal mixtures such as Mo(VI)/W(VI), 71 Fe(III)/Ag(I)/Mn(II), 72 and Cu(II)/Fe(III) [73] [74] [75] in the last decade. The oxidative coupling of p-anisidine and N,N-dimethylaniline in the presence of hydrogen peroxide to form a dye (lmax = 740 nm) is catalyzed by Cu(II) and Fe(III). Utilization of masking and activating effects by suitable complexing agents made it possible to determine Cu(II) and Fe(III) in natural water samples selectively. When the catalytic reaction was used, Cu(II) was determined in the presence of pyrophosphate acting as a masking agent for Fe(III). Even if pyrophosphate coexisted, 1,10-phenanthroline (phen) acted as an activator for the iron catalyst and also as an inhibitor for the copper catalyst. These principles for the selective determination of Cu(II) and Fe(III) were introduced into a FIA system equipped with a serial flow cell. 75 We proposed a new concept of stopped flow technique called stopped-in-loop flow analysis (SIL-FA). 76 While a reaction proceeds in a stationary loop, an SIL-FA system does not need to establish a baseline continuously, and the system allows its own detection window to be washed (no continuous exposure to the reaction product and the reagents). An SIL-FA method for the catalytic determination of vanadium was demonstrated. It was based on its catalytic effect on the oxidation of p-anisidine in the presence of bromate to form a red dye (lmax = 523 nm). The calibration graph was linear for 0 -2 mg L -1 vanadium, and the 3s limit of detection was 0.01 mg L -1 . Kinetic differential rate determinations are a measurement approach in kinetic methods of analysis. 77 This approach has high potential for the analysis of mixtures involving closely related compounds without prior separation.
An FI spectrophotometric method was proposed for simultaneous determination of ascorbic acid (AA) and glutathione (GSH) using a double flow cell. 78 The method is based on the different kinetics of the reduction reaction of Fe(III)-phen complex to red Fe(II)-phen complex (lmax = 510 nm) with each reducing compound in the absence or presence of copper catalyst. AA and GSH in mM levels can be determined simultaneously. Fig. 16 The manifold of SI system for protein (a) and glucose (b) determination. 54 
Conclusion
Novel flow-based techniques, such as FIA and SIA, have been developed and the technologies are useful for environmental, pharmaceutical and clinical analysis. And, the utilization of several detection systems improves the versatility and the potential of the flow-based techniques in practical analyses. Especially, the in-line pretreatment system using SPE is an interesting approach for matrix removal and for enhancement of selectivity and sensitivity.
To advance the flow-based techniques, the hyphenation with detectors and FI methodologies is proposed and the new function for trace and multi-elements analysis is expected.
